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Available online 25 December 2020A recently developedmethodological approach for determining the greenhouse gas emissions impact of national
breeding programs was applied to measure the effects of current and future breeding goals on the emission in-
tensity (EI) of the Canadian dairy industry. Emission intensity is the ratio of greenhouse gas outputted in compar-
ison to the product generated. Traits under investigation affected EI by either decreasing the direct emissions
yield (i.e. increasing feedperformance), changingherd structure (i.e. prolonging herd life) or through thedilution
effect of increased production (i.e. increasing fat yield). The intensity value (IV) of each trait, defined as the
change in emissions’ intensity per unit change in each trait, was calculated for each of the investigated traits.
The IV trend of these traits was compared for the current and prospective selection index, as well as for a system
with and without quota (the supply management policy designed to prevent overproduction). The overall EI of
the average geneticmerit Canadian dairy herd per breeding femalewas 5.07 kg CO2eq/kg protein equivalent out-
put. The annual reduction in EI due to the improvement of production traits was−0.027,−0.018 and−0.006 for
fat, protein and milk other solids, respectively. The functional traits, herd life and mastitis resistance, had more
modest effects (−0.008 and −0.001, respectively). These results are consistent with international studies that
identified traits related to production, survival, health and fertility as having the largest impact on the environ-
mental footprint of dairy cattle. Overall, the dairy industry is becoming more efficient by reducing its EI through
selection of environmentally favorable traits, with a 1% annual reduction of EI in Canada.







The dairy industry is scrutinized for the environmental impact asso-
ciated with raising and maintaining cattle for milk production. Current
selection indexes aim to improve the overall production efficiency of
dairy cattle; however, the environmental impact of the genetic gain
achieved by using a selection index has yet to be determined. By deter-
mining the environmental impact of selection for traits commonly in-
cluded in selection indexes, future trends can be monitored to
determine the effect of selection for specific index traits on the environ-
ment in the future, as well as enable long-termmonitoring to be imple-
mented at national and international levels.for AgriBioscience, 5 Ring Road,
n behalf of The Animal ConIntroduction
Global initiatives to lower greenhouse gas (GHG) emissions and im-
prove environmental sustainability have dramatically increased in re-
cent years. The agricultural industry has been targeted for its
contribution to environmental degradation, and in particular, the envi-
ronmental impact of raising and maintaining livestock has been scruti-
nized. Although dairy cattle represents only a moderate fraction of the
total livestock sector, the increasing awareness of its environmental im-
pact has placed pressure on industry partners to improve efficiency and
increase the sustainability of animal production. As one of the 195 sig-
natories of The Paris Agreement (Environment Canada, 2016), Canada
is committed to decreasing national GHG emissions by 30% of 2005
levels by 2030. Of the 723 Mt of carbon dioxide equivalents (CO2eq)
of gross emission produced by Canada in 2015, 43.92Mt was attributed
to livestock production (Environment Canada, 2016).
Reducing net Canadian agricultural GHG emissions in the future is
likely to be a significant challenge as an increasing amount of food issortium. This is an open access article under the CC BY-NC-ND license
Table 1
Constants and conversion factors used in emission intensity and intensity
value calculations for dairy cattle.
Constants Value
CH4 yield, g/kg DMI1 17.00
CH4 global warming potential, GWP 25.00








Feed required/kg milk component4
Fat, kg DM 6.00
Protein, kg DM 3.70
Lactose, kg DM 2.60
1 DMI is DM intake.
2 Producer Milk Statement (Dairy Farmers of Ontario, 2017) in Canadian
dollars (CAD$).
3 k is the protein equivalent output standardization ratio used to convert
milk, fat and lactose yields into measurements of protein equivalents.
4 Values obtained from Amer et al. (2018).
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alistic expectation of the agricultural sector is to reduce the intensity of
emissions for a given product over time. Therefore, Agriculture and
Agri-Food Canada has set the goal of reducing the intensity of emissions
for a given product over time. For this reason, we have focused on re-
ducing emissions associated with the growth, transportation and pro-
cessing of milk protein equivalents (Agriculture and Agri-Food
Canada, 2016).
For animal breeding, prioritizing genetic traits based on gross out-
puts of methane (CH4) is not optimal. Gross CH4 is unfavorably associ-
ated with milk yield, and a targeted genetic decrease in gross CH4
yield per cow may result in lower feed intake (Hegarty et al., 2007).
This would almost certainly lower milk yield and also reduce biological
efficiency, as feed consumed for simple maintenance would increase as
a proportion of total DM intake (DMI).
The primary breed in the Canadian dairy industry is Holstein, mo-
nopolizing the industry by accounting for 93% of the population. Jersey
(4%) and Ayrshire (2%) are the next predominant breeds with Brown
Swiss, Guernsey, Milking Shorthorn and Canadienne combining to the
remaining 1%. Hence, this paper will only consider the Holstein breed.
Canadamaintains a unique system ofmilk supplymanagement, termed
quota, controlling the national production of milk components to meet
the demand of consumers. Of the 8.4 billion liters of milk produced in
2016, 33% was for Fluid Milk, 56% for Industrial Milk and 11% for Class
5 milk as defined under the harmonized milk classification system
(Canadian Dairy Commission (CDC), 2020). This system introduces
complexity as production is limited by the shares of supply manage-
ment a producer owns.
Amer et al. (2018) recommended an approach inwhich the intensity
of emissions per product unit of a system can be determined and uti-
lized in breeding programs. Emission intensity (EI) is defined as the
ratio of all GHG emissions produced by a system in comparison to the
product output of the system. Emission intensity determines the favor-
able trends to lower emissions per unit output, therefore accounting for
improvements in overall system efficiency. Over the past 20 years, the
Canadian dairy industry has become more efficient through the selec-
tion of genetically superior animals, as shown through the decreasing
number of dairy cattle in Canada and the increased volume of milk pro-
duction (Canadian Dairy Information Center, 2017). This has resulted in
lower emissions produced per unit ofmarketable product. Current traits
within Canada’smain selection index (Lifetime Performance Index; LPI;
Canadian Dairy Network, 2017) can be assessed to determine the effect
they will have on either GHG production or product output. The objec-
tive of this paper is to determine the independent, trait-specific effects
of current and future selection strategies on the EI of the Canadian
dairy industry.
Materials and methods
Emission intensity values (IV) were determined for the Canadian
dairy herd of average genetic merit per breeding animal. The indepen-
dent impact of each trait included in the national index was evaluated
for its effect on the system when all other traits were held constant
and termed IV. A total of four scenarios were investigated. In scenario
1, traits included in the current index were investigated. In scenario 2,
we investigated traits expected to be included in a prospective index
which includes total feed intake (TFI) in addition to all current traits.
The purpose of scenario 2 was to show how inclusion of TFI in the
breeding objective changes the calculations to obtain IV for energy
sink traits such as milk production. Both scenarios were further com-
pared in the case of presence or absence of a supply management sys-
tem to investigate a total of four scenarios. The Canadian dairy
industry operates under a complex supply management system based
on the allocation of quota to producers, expressed in kg of butterfat.
This system avoids domestic surpluses and shortages by managing pro-
duction levels to coincide with forecast consumer demands, with kg of2
butterfat as the limiting factor (Canadian Dairy Commission (CDC),
2020).
Emission intensity of Canadian dairy system
The approach used to calculate the EI of the Canadian dairy system
was based on the framework methodology described by Amer et al.
(2018). In the current study, GHG emissions were calculated in terms
of CH4 production expressed in CO2eq per unit of protein equivalents.
Emission intensity, which applies to all scenarios, was calculated as











where ε is the emissions for afixed timeperiod (average calving interval
of 419 dayswas used in the current study) across c different animal clas-
ses (replacement heifer and weighted subsequent lactations and dry
periods based on survival rate from first lactation to life stage, indexed
i), ni is the number of animals in each class expressed per breeding fe-
male, y is the product output generated across p different product cate-
gories, within the fixed time period, nj is the number of animals on
average per breeding female producing the jth product and k are pro-
portionality coefficients that convert the jth product into milk protein
equivalents (Table 1). The numerator and denominator of Eq. (1) sum
to calculate the level of emission yield and product output, respectively.
For the current study, the emissions of replacements and breeding
cows were considered to contribute to the total GHG output. Emissions
were calculated based on the amount of emissions associated with the
total DMI of the animal class (Richardson et al., 2019). In this study,
the average daily DMI for a replacement and breeding cow was calcu-
lated and then cumulated based on the Canadian average for number
of days in each animal class. The number of replacements per breeding
female was determined to be 0.38 as this is the average Canadian re-
placement rate (Table 2). Total product yield was calculated by deter-
mining the average yearly production of each output converted to
protein equivalents per breeding female (Table 2). Products considered
in the current study were milk and its components (protein yield, fat
yield and lactose yield); however, it is possible to consider other prod-
uct outputs such as meat production from veal calves and cull animals.
Table 2
Constants based on the Canadian dairy cattle herd of average genetic merit used to calcu-
late product and emissions outputs.
Constants Cow Replacement
Feed intake, kg DM1 8 660.40 5 932.17
Number of replacements per breeding female2 1.00 0.38
Average 305-d milk yield, kg1 10 102.00 –
Protein, %1 3.19 –
Fat, %1 3.87 –
Lactose, %1 4.90 –
1 Values obtained from Richardson et al. (2019).
2 Based on data provided by Canadian Dairy Network, G. Kistemaker (Guelph, ON, per-
sonal communication).
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controlled traitx has been derived by taking the first partial derivative
of Eq. (1) with respect to genetic merit for a trait x (Amer et al., 2018).
These values are referred to as GHG IV. This was done via a special
case of the Amer et al.’s (2018) method, whereby the equation was
remodeled to more appropriately represent the dairy production sys-
tem, inwhich themajority of births produce a single offspring of limited





















where Σyg is the total system output calculated as the sum over multi-
ple outputs y (indexed j) converted to protein equivalents using the
scaling factor kj for an animal of an average level of genetic merit g
and EIg is the total GHG emissions per breeding female expressed as
CO2eq of output at an average level of genetic merit. The first term in
the brackets accounts for the change in direct emissions, εi, per change
in the index trait xwith a weighting to account for the number ngi of an-
imals in class i per breeding female. The second term represents a
change in the number of animals, weighted in terms of breeding fe-
males, per change in index trait x. The final term represents a dilution
effect due to a change in product output, yi, of animals in class i, per unit
change in index traits x, expressed as protein equivalents using different
relative product values, k, for each product output.
Intensity values for each trait were calculated for a system with and
without supply management. For a system without quota, IV were cal-
culated for a fixed number of cows, while for a system with quota, the
system had a fixed product output (fat).
Standardization of output ratios
The amount of total product output was calculated in terms of pro-
tein equivalents; therefore, standardization factors were calculated to
convertmilk, fat and lactose yields intomeasurements of protein equiv-
alents.Milk volume, fat, lactose and protein conversion factors were de-
termined based on the Canadian quota payment system. While the
quota system is allocated on kg of fat production, there is also a solids-
not-fat to butterfat ratio requirement at each bulk tank collection. This
means that there is no advantage from long-term selection for low fat
percentage in order to maintain revenue from other solids at a given
fat production. Effectively, milk payment is based on CAD$/kg for both
fat and protein, the effective values of which are comparable in magni-
tude. There is also a payment for lactose and other solids of CAD
$1.62/kg. At 5.8% non-fat and non-protein solids, payment for lactose
and other solids equates to 1.62 × 0.058 = CAD$0.094/l of milk. How-
ever, transport charges of CAD$0.027/l are deducted, implying a net
price per liter of CAD$0.094 − CAD$0.027 = CAD$0.067/l, which
when expressed back to milk solids gives 0.067/0.058 = CAD$1.155/
kg lactose. This resulted in the standardization values for milk compo-
nents shown in Table 1, where assumptionswere based on the previous3
5 years of component value explanation of the ProducerMilk Statement
(Dairy Farmers of Ontario, 2017). While other producer payments such
as administration, research and promotion are applied based on milk
volume in the Canadian milk pricing system, we assume that these do
not reflect a true difference in the value of lactose relative to fat and pro-
tein. The percent of fat, protein and lactose in milk was assumed to be
constant at the national 5-year annual averages of 3.87%, 3.19% and
4.90%, respectively, across generations and production systems for all
calculations. Thus, the protein equivalent output standardization ratios,
k, were calculated (taking values from Table 1) for fat as 10.60/7.96 =
1.33 and for lactose to be 1.155/7.96 = 0.145. Milk had its value ratio
relative to protein based on lactose and was calculated as 0.145 * 4.9%
= 0.007, termed milk other solids (MOS).
Calculated gross emissions from feed intake
Methane yield varies among animal classes, due to the variation ob-
served in animal age and weight, in addition to the differences in feed
quality, quantity and feeding systems (Quinton et al., 2018). The con-
version of CH4 emissions to CO2eq in dairy cattle has been calculated
in various studies from CH4 production using the ratio of CH4 to CO2eq
(O’Mara, 2006; Wall et al., 2010). For the current study, the output of
CO2eq from feed intake in dairy cattle was estimated to be 0.425 kg
CO2eq/kg DM as per Richardson et al. (2019). This constant was calcu-
lated using the gross CH4 production of 0.017 kg CH4/kg DMI obtained
from Canadian Research Facility, D. Hailemarium (Alberta, ON, personal
communication) and a Global Warming Potential (GWP) conversion
ratio of 25:1 for CH4 to CO2eq, assuming a linear relationship andnovar-
iation between animals or type of diet.
Selection indexes
The Canadian dairy industry has developed two indexes for the ge-
netic evaluation of dairy cattle, LPI and Pro$. The LPI is composed of
three sub-index components: production, durability, and health and
fertility. The production component (40% relative emphasis) is based
on fat and protein traits; the durability component (40%) on herd life,
mammary system, feet and legs, and dairy strength; and the health
and fertility component (20%) on daughter fertility and mastitis resis-
tance (Canadian Dairy Network, 2019). Pro$ is an economic-based
index, in which the profit response of each trait is weighted based on
its economic significance to the producers (Van Doormaal et al.,
2015). In addition to traits mentioned previously, digital dermatitis,
metabolic disease resistance and feed efficiency will soon be included
in the national genetic evaluation indexes. Therefore, the EI value of
these traits was also estimated.
Calculating intensity values for index traits in a non-quota system
Out of all of the traits currently under genetic evaluation in Canada,
feed efficiency, MOS yield, protein, fat, herd life and mastitis resistance
are the only traits with a direct impact on EI and are independent
from all other index traits.
Feed efficiency
It was previously determined by Richardson et al. (2019) that for
every 1-unit decrease in estimated breeding value (EBV) for a Feed Per-
formance (FP) trait, there would be a 3.23 kg reduction in unnecessary
feed used. The FP trait is defined as a 1 kg increase in more efficiently
used feed by a first parity lactating cow and targets the feed wasted
on inefficient digestion, metabolism and maintenance. Each kg of feed
consumed is associated with 0.425 kg of CO2eq produced (Richardson
et al., 2019). Therefore, emissions change per unit change in FP EBV
was 1.37kg CO2eq. Calculations for feed efficiency are included for sce-
nario 1 calculations only because FP is defined so as to be adjusted for
key energy sink traits, and so the feed consumption penalty on IVs
Table 3
Trait annual genetic gain trends in dairy cattle.
Traits Trait genetic gain/year (2011–2016)1






1 Provided by Canadian Dairy Network; L. Beavers (Guelph, ON, personal
communication).
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sink traits.
Production traits
Genetic improvement of production traits causes dual effects on EI.
The first is an increase in emissions output, as more feed is required to
sustain the increase in product output. The second is that the additional
product output dilutes the fixed emissions to an extent which more
than offsets the increase in emissions associated with greater feed re-
quirements. Constants used to calculate these effects are presented in
Tables 1 and 2. Calculations of CO2eq output and protein equivalents
for each production traits were as follows.
Milk
To avoid double counting for an increase in protein and fat when
considering the effect on the emissions and product for an increase in
milk EBV, only lactose was considered. Therefore, the contribution to
EI due to milk is represented by the MOS trait, which includes all milk
solids other than fat and protein and is valued based primarily on lac-
tose. The amount of CO2eq/ kg lactose was calculated as the emissions
produced due to the additional DMI required to produce 1 kg of lactose
(2.6 kg DM/kg lactose * 0.425 CO2eq/kg DM = 1.105 kg CO2eq/kg lac-
tose). For an additional 1 kg of milk, 0.049 kg of lactose × 1.105 kg
CO2eq/kg lactose = 0.054 kg CO2eq is produced. However, additional
lactose, through its associationwithmilk volume, generates some addi-
tional output value. This output value slightly dilutes emissions per cow
by the generation of 0.007 kg protein equivalent (0.049 kg lactose per
liter × 0.145).
Protein
The amount of CO2eq/kg protein was calculated as the emissions
produced due to the additional DMI required to produce 1 kg of protein
(3.7 kg DM/kg protein * 0.425 CO2eq/kg DM). For an additional 1 kg of
protein EBV, 1.57 kg CO2eq is produced. This is diluted by the generation
of 1 kg protein.
Fat
The amount of CO2eq/kg fat was calculated as the emissions pro-
duced due to the additional DMI required to produce 1 kg of fat (6 kg
DMI/kg fat * 0.425 CO2eq/kg DMI). For an additional 1 kg of fat, 2.55
kg CO2eq is produced. This is diluted by the generation of 1.33 kg pro-
tein equivalents (1 kg fat × 1.33).
Functional traits
Herd life
A change in herd life EBVaffects the equation in twoways as follows:
1) increasing the longevity of the herd means less replacements to rear
and 2) an increasedmilk yield due to fewer first lactation animals in the
herd. Therefore, for every 1-unit increase in herd life, 0.32% less replace-
ments are required × 2 533.67 kg CO2eq per reared replacement= 7.63
kg less CO2eq produced. There is less of a requirement for replacements,
so the average age of the herd will increase. Later, parity animals pro-
duce more compared to first parity animals; therefore, the average
milk yield per cow from a herd genetically superior by 1 herd life EBV
is 6.01 kg milk production. This is then converted to 0.544 kg protein
equivalents via the conversion factor (0.091 kg protein equivalents/kg
milk).
Mastitis resistance
The effect of mastitis resistance on EI was based on the volume of
milk loss due to discarded milk. It is recognized that additional milk
loss may occur following a clinical mastitis infection for the remainder
of the lactation; however, it is assumed that this is accounted for in4
the test-day model EBV for milk. The average cow is removed from
the tank for 7 days (3 days treatment + 4 days drug withdrawal) with
an average production per day of 33.21 kgmilk based on 3-year historic
data provided by CDN (G. Kistemaker, Guelph, ON, personal communi-
cation). Therefore, the total milk loss due to discarded milk is 231.8 kg/
case. The average number of cases per clinical mastitis incident is 1.4
(Lago et al., 2011). A weighted average over all three lactations was cal-
culated to determine the reduction in clinicalmastitis cases by 1-unit in-
crease in EBV (0.0056). The effect on product output is 231.8 kg/case ×
1.4 cases/clinical mastitis incident × 0.0056 reduction in incident/mas-
titis resistance EBV × 0.091 kg protein equivalents/kg milk = 0.165 kg
protein.
Impact of accounting for the supply management system (scenario1b
and 2b)
The Canadian supply management system constrains the weight of
milk fat production per herd; therefore, there can be no output gained
from increasing the fat production of animals with the goal of reducing
the EI of the system.However, genetic improvementsmade through the
fat EBV can be expressed in terms of altering EI through herd structure,
as less animals are required to meet the quota requirements for fat.
Every 1 kg increase in fat EBV necessitates 0.26% less animals in order
to stay below fat quota (i.e. 1 kg quota/ average cow fat yield); therefore,
a 1 kg gain in fat can be expressed as a decrease of 11.52 kg CO2eq out-
put via herd structure (4 471.49 kgCO2eq/cow * 0.26% fewer cows in the
herd). Although reducing herd size has a positive effect on emissions
output, there is an unfavorable change in herd protein and lactose out-
put because of the fewer producing animals required to fill the fat quota.
Thus, there is a reduction in the amount of protein equivalents produced
when the fat EBV is increased by 1 unit. The amount of product output
loss is equivalent to the total protein equivalent output which would
have been generated by the 0.26% less animals in terms of protein and
lactose, totaling to 1 kg protein equivalents (0.26% fewer animals *
[322.25 kg protein + (494.99 kg lactose * 0.145)]). For all traits other
than fat, IV are calculated identically to the situation without a quota
constraint.
Genetic trends and trait standardization
To put into perspective the annual potential these traits have to re-
duce EI, IVs for each trait were multiplied by corresponding estimates
of annual genetic gain (Table 3). The outcome represents the yearly de-
crease in EI expected for each trait independent of all other index traits.
We subsequently refer to these as “IV trait trends” with the units of
change in EI per change in trait unit per year ( δEIyear). Some traits have sig-
nificantly greater genetic improvements than others per year. For FP as
defined by Richardson et al. (2019), a current genetic trend was not
available. Three potential responses to selection were previously inves-
tigated to determine expected rates of genetic gain for the FP trait. In the
previous study, it was assumed that a first parity lactating animal con-
sumes 6863.45 kg of DM per lactation and that 40% of the total DMI in
Table 4
Intensity value and intensity value trait trend for dairy cattle in scenario 1 (current index)
with and without supply management.





Total feed intake, kg DMI 0 –
Milk other solids (MOS),1 kg 0.00002 0.002
Fat, kg2 –0.005 –0.027
Protein, kg –0.004 –0.018
Herd life –0.012 –0.008
Mastitis resistance –0.001 –0.001
DMI = DM intake; EBV = Estimated breeding value.
1 Milk Other Solids represents the effect of themilk EBV considering only lactose to avoid
double counting for an increase in protein and fat.
2 Values for fat within a quota system were−0.004 and −0.025 for intensity value (IV)
and annual IV trait trend, respectively.
3 δEI is the change in emission intensity and δx is the change in index trait.
Table 5
Intensity value and intensity value trait trend for dairy cattle in scenario 2 (current index








Total feed intake, kg DMI −0.002 –
Milk other solids,1 kg −0.0001 −0.005
Fat, kg2 −0.007 −0.044
Protein, kg –0.006 −0.027
Herd life –0.012 −0.008
Mastitis resistance –0.001 −0.001
TFI = total feed intake; DMI = DM intake; EBV = Estimated breeding value.
1 Milk other solids represents the effect of themilk EBV considering only lactose to avoid
double counting for an increase in protein and fat.
2 Values for fat within a quota system were−0.004 and −0.042 for intensity value (IV)
and annual IV trait trend, respectively.
3 Where δEI is the change in emission intensity and δx is the change in index trait.
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improvement in FP based on the genetic variation in DMI. The three in-
vestigated responses to selection were a 0.25%, 0.5% and 1% annual im-
provement rate of the targeted inefficiently used feed. Therefore, a
moderate genetic trend equivalent to a 0.5% reduction in total inefficient
feed consumed by a first parity lactating cow per year of genetic gain
was assumed in anticipation of the potential impacts of this new trait
(Richardson et al., 2018). This hypothetical trend in the proposed FP
trait was evaluated in the context of scenario 1 because the FP trait con-
siders only feed intake after some yet to be determined adjustment for
feed energy sinks such as milk yield, and so IV for the energy sink traits
still need to be penalized for their associated feed requirements.
For functional traits, such as herd life and mastitis resistance, breed-
ing values are presented as relative breeding values (RBV), with amean
of 100 and standard deviation of 5. In order to achieve greater biological
meaning, these RBV were converted back to EBVs before calculating
trait IV (Canadian Dairy Network, 2014).
To compare the IV of traits across countries and production systems,
relative emphasis values were calculated. The values describe the per-






where IVi is the intensity value and SDi is the EBV standard deviation of
each trait, i, evaluated for its effect on EI.
The percent annual reduction in EI due to the genetic improvement






where GTi is the annual genetic trend for trait i and all other variables
are as described above.
This formula can be adjusted to determine the total improvement in
EI achieved through genetic gain each year and is calculated as follows.
Total annual%reduction ¼ ∑IVi  GTi
EIg
ð5Þ
where variables are described as above.
Sensitivity analysis
A sensitivity analysis was conducted to investigate the effect of var-
iations in milk component value, which effectively impacts protein
equivalent standardization ratios, k, on EI and IV trait trends. In the sen-
sitivity analysis, only fat and protein were considered as the value of
these milk components constitutes the majority of the value in milk.
The possible variationwas tested under the assumption of a k standard-
ization ratio for fat to protein of 0.95 and 1.70, representing an over and
underestimation of the current k standardization ratio for fat of 1.33.
Results
Emissions output, production output and emission intensity
The total emissions output and product output (Σyg) generated
per breeding female in the allocated time period were determined
to be 4 638.72 kg CO2eq and 914.76 kg protein equivalents,
respectively. Therefore, the EI value for the average Canadian dairy
farm with average genetic merit is the ratio of these two values, equat-





and IV trait trend δEIyear
 
calculated for each trait with
notable effect on EI for scenarios 1 and 2 are presented in Tables 4 and
5, respectively.
Under scenario 1, where TFI is not a trait in its own right in the
breeding objective, MOS had an unfavorable IV trait trend (IV * annual
average genetic gain) of 0.002, with all other traits having a favorable
IV and IV trait trend. Increased milk production inflates feed require-
ments to support the energy contained in milk lactose, while offering
nodilution benefit through increased output. Intensity value trait trends
for fat and protein (−0.027 and−0.018) suggesting that these produc-
tion traits have the largest positive effect on EI. The functional traits fol-
low with herd life and mastitis having an IV trait trend of −0.008 and
−0.001, respectively. When evaluated with the restrictions of quota,
the fat IV trait trendwas reduced to−0.025with all other traits remain-
ing constant. Overall, through an accumulation of all IV traits trends, a
1% improvement in EI per annum is expected using scenario 1. This
would increase to 1.5% if the hypothetical annual genetic trend of 0.5%
of total inefficient feed could be achieved by including the proposed
FP trait in the breeding objective.
Under scenario 2, where TFI is considered, investigated traits had a
neutral or favorable IV, such that the economically desirable direction
of genetic change also resulted in an improvement in EI. Fat had the
greatest impact on EI with a IV trait trends of −0.044. Protein had the
next largest IV trait trend of−0.027. Herd life andMOS had small favor-
able IV trait trend of−0.008 and−0.005, respectively. Of all of the traits
considered, mastitis resistance had the lowest impact per year at
Fig. 1. Emission intensity (kg CO2eq/kg protein equivalents; protein-eq) and intensity
value trait trends (kg CO2eq/kg protein equivalents per year) for dairy cattle under
different protein equivalent standardization ratios for fat (k).
C.M. Richardson, C.F. Baes, P.R. Amer et al. Animal 15 (2021) 100005−0.001. Under a supply management system, all IV trait trends
remained constant except for fat. The IV trait trend of fat was lowered
to −0.042 when the restraints of a supply management system were
applied. The IV for a TFI trait was determined to be −0.002.Sensitivity analysis
The effects of changingmilk component values and resulting k stan-
dardization ratio on EI and IV trait trends are presented in Fig. 1. The EI
calculated under a k standardization ratio for fat of 0.95 and 1.70was es-
timated to be 6.06 and 4.38 kg CO2eq/kg protein equivalents, respec-
tively. The emissions per kg of protein equivalents compared with the
base estimation of EI (5.07 kg CO2eq/kg protein equivalents) varied by
only 0.003% when the value of the k standardization ratio for fat
changed from 0.95 to 1.70.Discussion
The effects of genetic trends and trait intensity values
The overall effect each trait has on EI is proportional to its IV and rate
of genetic improvement. Although a trait may have a numerically large
IV, genetic gains can potentially bemore modest due to lower heritabil-
ity estimates, modest index emphasis and because of a relatively recent
introduction or understanding of the trait as a part of the genetic evalu-
ation process. The response to selection on selection indices can there-
fore be minimal leading to a lower annual change in the trait’s effect
on EI. Herd life, for example, has a substantial IV, as it affects both prod-
uct output and herd structure; however, this trait has much smaller ge-
netic trend in comparison to fat and protein due to its lower relative
response to selection, which results in the trait having a lower overall
effect on total production system EI.
The combination of genetic trends with the IV estimates resulted in
the re-ranking of trait effects on EI (Tables 4 and 5). Traits with higher
accuracy of evaluation and/or emphasis within the selection index typ-
ically have greater rates of genetic gain observed each year, and the im-
pact of differences in units of the different traits is eliminated.
Production traits, for example, have been selected in dairy cattle for
many generations and have considerable genetic variation which can
be targeted to generate high levels of genetic gain each year. In compar-
ison, mastitis resistance, which is a novel trait, has a lower heritability
and possibly lower genetic variation and only modest index weighting,
resulting in less genetic gain each year. Genomic selection will help to
increase the genetic gain in traits with lower heritability estimates as
genomic prediction accuracies improve over time due to the growth of
larger training populations. Correlations between traits may also affect
their rate of genetic improvement; therefore, traits that are favorably
correlated will benefit from mutual genetic gain.6
Inclusion of feed efficiency in index (future index trends)
The current national index had a general trend towards improving EI
for most index traits, with the exception of MOS yield. Milk other solids
yield had positive IV and IV trait trend, suggesting that genetic improve-
ment for greater MOS production is not favorable. However, in the cur-
rent model, MOS yield was investigated independently of fat and
protein, and therefore, the product output from an increase in milk
yield considers only the production of lactose and water. A positive
focus on production of lactose and water would be economically ineffi-
cient, as the current multi-component payment system does not sup-
port increased fluid milk yield without proportional increases in
components, and lactose comes with a non-trivial associated feed cost.
Under scenario 1, a hypothetical assumptionwasmade that an addi-
tional 0.5% reduction in EI might be achieved annually due to the
targeting of inefficient feed usage through FP trait. In scenario 2, a TFI
trait was considered which required the reconsideration of emissions
due to feed consumption in order to avoid double counting. Considering
TFI in scenario 2 demonstrates that IVs are expected to change when
varying definitions of feed efficiency traits are included in the index.
This resulted in an adjustment of the IV and IV trait trends for the pro-
duction traits. The IV for TFI (−0.002) was independent from all other
traits under investigation. It is recognized that including TFI in the
index may lower the selection emphasis placed on the other investi-
gated index traits. However, as described by Smith et al. (1986), this
should not significantly affect the efficiency of the index as all econom-
ically important trait is includedwith the appropriate direction of selec-
tion response. Therefore, analogous genetic improvements should be
achieved.Effect of quota on efficiency
In current and alternative index scenarios, when values are com-
pared in a system with and without supply management, the IVs are
only minimally affected. As quota places a restraint on the weight of
fat production, it was expected that the fat IV would be affected. How-
ever, the results shown for the situations with and without a quota on
fat are comparable and should not have an effect on the overall effi-
ciency of the index. Smith et al. (1986) compared economic weights of
traits based on variable systems with fixed output, output values,
input and profit and showed that when the breeding focus is targeting
efficiency, the economic weights would not vary according to which
these effects were fixed. This is consistent with our consideration of
the quota system, which fixes the output value of the fat production,
and the non-quota system which is fixed per breeding female, where
both produce almost identical trait IVs.Sensitivity analysis
As demonstrated through the conducted sensitivity analysis, reason-
able variation in the value ofmilk components hasminimal effect on the
annual reduction in EI due to genetic progress. Although differences
were observed in EI at varying k standardization ratios for fat, once ge-
netic trends for each index trait were accounted for, the actual variation
in EI reduction between milk component values was minimal. Zhang et
al. (2019) described the challenges associated with rapidly changing
global market prices of milk components when estimating the environ-
mental effect of selection indexes as the fat to protein ratio has drasti-
cally changed in recent years. However, due to the implemented
quota system, the Canadian dairy industry is not impacted by the vola-
tile global markets and milk value parameters may be confidently esti-
mated (Dairy Farmers of Canada, 2017).
C.M. Richardson, C.F. Baes, P.R. Amer et al. Animal 15 (2021) 100005Additional index traits
Some additional traits investigated for their effect on EI were not in-
cluded in the main results so as to avoid double counting of factors. For
example, the effects of digital dermatitis are currently accounted for in
the EBVs for milk production and herd life. Increased prevalence of
hoof lesions decreases the locomotion of animals and consequently de-
creases milk production, as animals are less motivated to visit the feed
bunk. It is assumed that for animals with scores above 3 on the locomo-
tion scale, milk production decreases by 2% (Archer et al., 2010); how-
ever, this loss of milk in daughters of sires with a genetic
predisposition to milk production affecting diseases should be captured
in the test-day model milk EBV. Similarly, an increase in involuntary
culling due to digital dermatitis would be captured by the herd life
EBV. Therefore, the EI benefits which would be achieved by predictor
traits are effectively captured by the weighting applied to mainstream
traits already considered.
Effect of variable definitions of feed efficiency
For the purpose of the current study, our definition of the feed trait
for scenario 2 was related to a TFI trait. Therefore, when evaluating a
systemwhere one trait is changing and all other traits are fixed, it is as-
sumed that there is no additional feed consumed for an increase in one
unit of product. Alternative measurements of feed efficiency that target
genetic change in only a component of DMI, such as residual feed intake
(RFI),might not account for the feed associatedwith additional changes
in some other traits. In this case, there would be an intermediary be-
tween scenarios 1 and 2, which would depend on the definition of the
RFI. For example, feed associated with milk production traits (milk, fat
and protein) is usually adjusted out of RFI definitions and so their IV
values should be taken from scenario 1 in this instance. The functional
traits (herd life and mastitis resistance) would not be affected by this
change in feed efficiency trait definition.
Comparison with other studies
Our study identified the production traits, fat (57% relative empha-
sis) and protein (35%), to have the largest effect on EI. This was followed
byMOS (6%) and herd life (1%)withmastitis resistance having the low-
est relative weighting (<1%).
In comparison, Bell et al. (2015) investigated EI in the UK using a
bioeconomic model. This model identified RFI (i.e. feed efficiency) as
themost prominent trait affecting EI, responsible for 36% of the total im-
provement in emissions footprint. Following was protein and fat with
relative emphasis of 23% and 14%, respectively, which would increase
to 31% and 19% if RFI was ignored. Notable additional effects were that
of survival, milk volume and calving interval (12%, 9% and 5%, respec-
tively). Milk volume and calving interval have an inverse relationship
with EI, as amore negative value (shorter calving interval anddecreased
fluid milk) has a favorable outcome. As found in our study, Bell et al.
(2011) suggested that an improvement in EI was associated with in-
creasing longevity and lowering involuntary cull rate, both attributes
of the herd life trait.
Similarly, the results obtained by Amer et al. (2018) for Irish cattle
were comparable with those of our study, with protein and fat having
the highest effects (54% and 11%, respectively) and survival and calving
interval following (18% and 17%, respectively). Amer et al. (2018) calcu-
lated amuch lower relativeweighting for fat relative to protein than de-
rived here, and so the dilution benefits of fat were much lower in their
study. Similar trends were observed for other production and survival
traits, which are comparable to Canadian production and herd life traits.
In agreement with our study, Pryce and Bell (2017) reported that fat
(35%) had the largest effect on EI. “Feed Saved” (i.e. feed efficiency) had
a lower relative emphasis (13%) than reported by Bell et al. (2015).
Other notable effects included survival (11%) and calving interval7
(11%); however, milk (19%) and protein (10%) had contrasting relative
emphasis to those reported in our study. These inconsistencies may be
due to the different payment structures and trait models between pro-
duction systems. The Canadian milk payment system places a higher
value on fat (CAD$10.60/kg) than protein ($7.96/kg), aswell as an addi-
tional value onmilk (CAD$1.16/kg), compared to the world market and
those reported by Pryce and Bell (2017) of AU$2.79/kg and AU$6.64/kg
for fat and protein, respectively. Additionally, the Canadian genetic eval-
uation system uses a test-day model (Schaeffer et al., 2000). Therefore,
large changes in milk production due to health events (i.e. mastitis) are
captured in production traits EBVs, effectively increasing the IV of pro-
duction traits and lowering the IV of functional traits.
The reported percent reductions in total EI per year achieved
through genetic gain using the current index of 1% were similar to re-
sults shown in other studies. Amer et al. (2018) reported a 1% improve-
ment per year in EI. Other studies present reductions in terms of total
GHG emissions; however, these values are in comparable ranges of
1.0–2.6% (Bell et al., 2010; de Haas et al., 2011; Pryce and Bell, 2017).
Conclusion
This paper estimates the environmental effect of selecting cattle
based on the current national Canadian dairy selection index, the LPI.
Overall, the genetic gain achieved through selection on LPI for traits re-
lated to production, health and survival resulted in an 1% annual im-
provement in EI. Traits with independent impacts on EI included fat,
protein, milk, herd life and mastitis resistance. This model can be used
to estimate the effect future index traits may have on EI. In the face of
increased public scrutiny, this will allow the Canadian dairy industry
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